In the frame of a systematic study of activation cross sections of deuteron induced nuclear reactions on rare earths, the reactions on neodymium for production of therapeutic radionuclides were measured for the first time. The excitation functions of the nat Nd(d,x) 151,150,149,148m,148g,146,144,143 Pm, 149,147,139m Nd, 142 Pr and 139g Ce nuclear reactions were assessed by using the stacked foil activation technique and high resolution γ-spectrometry. The experimental excitation functions were compared to the theoretical predictions calculated with the modified model codes ALICE-IPPE-D and EMPIRE-II-D and with the data in the TENDL-2012 library based on latest version of the TALYS code. The application of the data in the field of medical isotope production and nuclear reaction theory is discussed.
Introduction
Activation cross-sections data of deuteron induced nuclear reactions on neodymium are important for development of nuclear reaction theory and for different practical applications. This study was performed in the frame of the following ongoing research goals:
• To check the predictive power and benchmarking of the different model codes of the nuclear reaction theory. To contribute to the improvement of models for description of deuteron induced reactions and to selection of more appropriate input parameters.
• To investigate the alternative production possibilities of standard and emerging therapeutic and diagnostic lanthanide radionuclides via charged particle induced reactions. In a search for new nuclides suitable for therapeutic purposes [1] [2] [3] [4] [5] [6] [7] [8] the radionuclide 149 Pm (T 1/2 = 53.1 h), 141 Nd (T 1/2 ) and 140 Nd (T 1/2 = 3.37 d), were found to offer some unique properties suitable for therapy and the daughter nuclide 140 Pr (T 1/2 = 3.4 min) brings the additional advantage of in-vivo localization via positron emission tomography (PET). * Corresponding author: ditroi@atomki.hu
• To contribute to the extension of the database by a systematic study of activation cross-sections of deuteron induced nuclear reactions for biological and industrial applications (accelerator technology, thin layer activation, activation in space technology, etc.).
Here we present our results on activation cross-sections on deuteron induced nuclear reactions on neodymium.
No earlier experimental data on nat Nd were found in the literature. Only one earlier set of experimental cross-section data was found on highly enriched 148 Nd for investigation the isomeric ratios of the (d,2n) reactions [9] . Thick target yield data for production of 143, 144, 148 Pm at 22 MeV were reported by Dmitriev et al. at 22 MeV [10] .
Experiment and data evaluation
For measurements, the well-known activation method, stacked foil irradiation technique and high resolution γ-spectrometry was used. Nd metal foils and NdO pellet targets, interleaved with Al foils for monitoring of beam characteristics, were stacked and irradiated at CYRIC (Sendai) and UCL (LLN) cyclotrons. Complete excitation function was measured for the monitor reactions to control the beam intensity and the energy. The main experimental parameters, methods of data evaluation are collected in Table 1 and  Table 2 . The comparison of the re-measured monitor reactions and the recommended data are shown in Fig.  1 . The decay characteristics of the investigated reaction products and the possibly contributing reactions in the energy region studied are summarized in Table 3 . 
Comparison with the results of the model codes
The cross-sections of the investigated reactions were calculated using the modified model codes ALICE-IPPE [20] and EMPIRE-II [19] . In the used modified ALICE-IPPE-D and EMPIRE-D code versions the direct (d,p) channel is increased strongly [20, 21] . The experimental data are also compared with the crosssection data reported in the TALYS based [22] TENDL-2012 Data Libraries [23] .
Results

Cross-sections
The cross-sections for all the reactions investigated are shown in Figs. 215 and the numerical values are collected in Table 4 -5. The results of the two irradiations on different targets are given separately allowing to judge on the agreement in the overlapping energy range. We should mention, as is reflected in the figures that the experimental results of this investigations have larger uncertainties and the data are more scattered, than in most of our previous investigations. Taking into accounts that the scattering shows a systematic behavior between the two experiments, it could be connected to the target thicknesses. In the LLN experiment a large metal foil was used and the average thickness was derived from measurements of the surface of the whole foil and its weight. The final targets were obtained by cutting pieces of the required dimensions from the large foil. Due to the well-known oxidation problems the thickness of each individual target piece were not re-measured but supposed to be equal to the average. In the Sendai experiment the Nd2O3 targets were made by pressing neodymium oxide in a precisely machined Al cup. The average thickness of each individual targets was derived on the basis the measured oxide weight (total weight minus weight of Al-cup) and known surface, but the uniformity of the targets was only roughly checked. For both experiments the beam diameter was significantly lower than the diameter of the targets and hence possible local changes in thickness can result in large scattering of cross-section data. [13] Decay data (see Table 2 ) NUDAT 2.6 [14] Reaction Q-values (see Table 3 Yield Physical yield [18] in the experiment and confirmed by the theoretical predictions) indicates that the cross-sections for the (d,3n) reaction are significantly higher than those for (d,n).
Production cross-sections of 148m Pm
The measured excitation functions came in all cases from a combination of (d,xn) reactions on the 185 Re and 187 Re. The level schemes for 182 Re and 184 Re are estimated with large uncertainties for some important γ-transitions. So, an accuracy of calculations for the corresponding isomer yields cannot be very high.
The 148 Pm has two long-lived isomeric states. The 148m Pm (T 1/2 = 41.29 d) higher laying state shows only for a small part isomeric decay (IT: 4.2 %) and emits strong, independent γ-lines allowing separate identification. The agreement of our 2 data points below 18 MeV with the data of [9] is reasonable. The theoretical data overestimate the experimental values (Fig. 5 ). The maxima of the two contributing reactions ((d,2n) and (d,4n)) are well pronounced in the figure, especially for the model calculations.
Production cross-sections of 148g Pm
The cross-sections for the direct production of the 148g Pm (T 1/2 = 5.368 d) (after correction for the small contribution of the 148m Pm decay) are shown in Fig. 6 in comparison with the earlier experimental data and the theoretical predictions. The overestimation by the theory for production of the ground state is significant. Our experimental results below 18 MeV for production of the ground and metastable state are not detailed enough to allow any calculation of isomeric ratio and comparison with [9] . Due to the long half-life (T 1/2 = 2.62 a) and the very low abundance of its unique -line this industrially important radionuclide could not be detected, neither as directly produced nor as decay product of its parent 147 Nd.
Production cross-sections of 146 Pm
The comparison of the experimental and the theoretical data of the 146 Pm (T 1/2 = 5.53 a) shows significant overestimation of the experiment by the used models that however clearly show the contributions of different stable target isotopes (Fig. 7) . (Fig. 8) .
Production cross-sections of
143 Pm
The (d,xn) reactions on all stable isotopes of nat Nd participate in the production of the 143 Pm ( T 1/2 = 265 d). The comparison of the experiment and the theory shows a similar picture as for previous cases: the experimental data are overestimated by the theory and are not distinguishing well the different contributing reactions (Fig. 9) . 
147 Nd(cum)
The production cross-sections of 147 Nd (T 1/2 = 10.98 d) were deduced from spectra taken after complete decay of short-lived parent 147 Pr (T 1/2 = 13.4 min) and hence represent cumulative production (direct + decay from parent). The first maximum (Fig. 11) represents the (d,p) contribution on 146 Nd, where the description of the ALICE-D and EMPIRE-D is better. It is difficult to compare the experimental data with the theory in the higher energy range. 
Production cross-sections of 141 Nd(cum)
The short-lived isomeric state (T 1/2 = 62.0 s) of 141 Nd is decaying with IT (100 %) to the ground state (T 1/2 = 2.49 h). The ground state of 141 Nd is also fed by EC + β + -decay of 141 Pm (20.90 min) and is produced directly by (d,pxn) reactions on all stable Nd isotopes. The measured cross-sections for the production of the ground state are cumulative, including all above mentioned contributions (Fig. 12) . According to the Fig. 12 there are very large disagreements between the predictions of the different theoretical codes and the experimental data.
Production cross-sections of 139m Nd
The 139 Nd has two long-lived isomeric states, the (I π = 3/2 + , T 1/2 = 29.7 min) ground state and the longer-lived high spin metastable state (I π = 11/2 − , T 1/2 = 5.50 h). We obtained cross-sections for production of the high spin state that is produced only directly via (d,pxn) reactions. The 139 Pm (I π = 5/2 + , T 1/2 = 4.15 min) decays only to the ground state of 139Nd. Our experimental data (Fig. 13) are closer to the TALYS predictions in the TENDL-2012 than to the ALICE-D and EMPIRE-D results.
Production cross-sections of 142 Pr
We could deduce a few experimental cross-section data for production of the 142 Pr (T 1/2 = 19.12 h) radioisotope, only obtained directly via (d,2pxn) reactions. The comparison with the theoretical predictions is shown in Fig. 14 . 
Integral yields
The integral yields (integrated yield for a given incident energy down to the reaction threshold), calculated from tted curves to our experimental cross-section data, are shown in Fig. 16 -17 in comparison with experimental thick target yields found in the literature. The results are representing so called physical yields (obtained in an instantaneous irradiation time for an incident number of particles having charge equivalent to 1 Coulomb) [18] . Fig. 16 also contains the data from Dmitriev [10] measured at 22 MeV, where the result for 144 Pm is in excellent agreement with our measurement, while his results for 143 Pm and 148 Pm are above and below our curves respectively. Pr and 139g Ce nuclear reactions. All investigated reactions are presented here for the first time, except the data of [9] for the 148 Nd(d,2n) reaction. Model calculations were done by using the EMPIRE-D and AICE-IPPE-D codes. The data were also compared with the data of the TALYS based TENDL-2012 online library. The predictions of theoretical calculations are only moderately successful. The obtained experimental data provide a basis for upgrading the model codes and input parameters. As it was mentioned the data can be used for selection and optimization of production routes for the medically relevant radioisotopes 149 Pm (T 1/2 = 53.1 h), 141 Nd (2.49 h) and 140 Nd (T 1/2 =3.37 d).
Summary and conclusion
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